Introduction
Strontium isotopes are commonly used in palaeontology and archaeology to find out the territory and migration paths of organisms and the origins of tools and organic building materials (e.g. Beard and Johnson, 2000; Curran et al., 2001; English et al., 2001; Hodell et al., 2004; Feranec et al., 2007) as well as in sedimentological provenance (e.g. Krom et al., 1999) and environmental change studies (e.g. Åberg, 1995) . The age and rock type dependent variations of the strontium isotope ratios in the bedrock are induced by the decay of 87 Rb to 87 Sr and by the differences in compatibility of strontium and rubidium in magmatic systems (Faure & Mensing, 2005) .
The isotopic fractionation of strontium is close to nil in physical and chemical processes in sediments, hydrosphere and food chain, and thus the isotope ratio measured from an organism reflects the isotope ratios of its nutriment and, ultimately, of its environment (Capo, 1998; Price et al., 1985; Halicz et al., 2008) . For provenance studies it is necessary to estimate the strontium isotope ratios of this environment -soil, sediment, vegetation, etc. -in potential provenance areas, which requires sampling. However, the source of strontium is in the bedrock (local or allogenic weathered) and, to some extent, in atmospheric inputs (Gosz & Moore, 1989; Miller et al., 1993) . This allows the estimation of the strontium isotope ratios ( 87 Sr/ 86 Sr) in the environment if the ratios of the underlying Precambrian basement are known and atmospheric inputs are assumed to be small.
The strontium isotope analyses available from the bedrock of Finland are sparse, not allowing to obtain a general view of the strontium isotope ratios of the bedrock. This study estimates the spatial distribution of the 87 Sr/ 86 Sr ratios in the Finnish bedrock using data from elemental Rb and Sr analyses and age determinations of the rocks; considers the usability of the estimate; and discusses the possible regularities in the estimated spatial distribution of the isotope ratios. The aim is to provide a sufficiently precise and accurate estimate that can be used as background material for sedimentological, archaeological and palaeontological provenance studies.
Rb and Sr in geological processes
Rubidium has two naturally occurring isotopes, 85 Rb and 87 Rb. 87 Rb is radioactive and decays to stable 87 Sr with an half-life of 48.8 Ga. Rb + substitutes K + in potassium-bearing minerals like muscovite, biotite, phlogopite and lepidolite, in potassium feldspar and in some clay and evaporite minerals. Strontium has four stable isotopes: 84 Sr, 86 Sr, 88 Sr and radiogenic 87 Sr. Sr 2+ substitutes Ca 2+ in 8-fold coordination. Thus Sr occurs in minerals like plagioclase, apatite and calcite. Both elements are incompatible in silicate magmatic systems during the early stages of fractional crystallization, Rb, however, more strongly. This causes the elemental Rb/Sr ratio to increase with the degree of differentiation, the highest ratios exceeding ten, for example in pegmatites, while the lowest ratios are close to zero, in carbonatites and Ca-rich plutonic rocks. Sr is also more prone to weathering than Rb. (Faure & Mensing, 2005) Rb and Sr start to diffuse through the crystal lattice and grain boundaries even in a modest temperature increment of 100-200°C. Furthermore, radiogenic 87 Sr has different charge and ionic radius than the original replaced 87 Rb, causing 87 Sr to break more readily from the crystal lattice. As a consequence, the concentrations of Sr, Rb and especially 87 Sr may balance between the minerals in the rock. The Rb-Sr system of the minerals is reset, but the whole rock Rb and Sr concentrations and isotope ratios remain constant, apart from immediate vicinity of rock unit contacts. Rb and Sr are both mobile elements and, if present, fluid transportation may cause them to move long distances also between rock units. (Faure & Mensing, 2005) 
Materials
The Rb and Sr elemental analyses from the Rock Geochemical Database of Finland (2008) (RGDB, n=6544) have been used. The ages of the samples in the database are classified to discrete classes (> 2500 Ma; 2500-2300 Ma; 2300 -2000 2000 -1950 1950 -1850 Ma; 1850-1800 Ma; 1800-1600 Ma; < 1600 Ma), based on the age of the bedrock unit from which the sample has been taken. The strontium isotope ratio has been estimated based on RGDB data (for database sample coverage and bedrock units to be discussed, see Fig.  1 ).
Published Rb-Sr isotope analyses from Finnish Precambrian have been gathered together ( Fig. 1 and Table 1 ) and they have been used to evaluate the method of Sr isotope ratio estimation. Rb-Sr isotope analyses in Finland are used to reveal petrological problems and for age determinations. However, the amount of analyses is limited and spatial distribution unequal because age determinations are usually conducted with the U-Pb method on zircon. The spatial distribution of the collected analyses covers small areas from Central Finland, greenstone belts in Eastern Finland and from the granulite belt in Lapland. Fig. 1 . The distribution of the RGDB sample points (grey dots) and of the sample points from published Sr isotope analyses (black box). Major bedrock units are marked according to Korsman et al. (1997 (Faure & Mensing, 2005) . On the other hand, the initial 87 Sr/ 86 Sr ratios of basaltic achondrites are 0.69899 ± 0.000047 (Faure & Powell, 1972) . Based on this information, the evolution of the initial isotope ratio of the mantle source can be approximated if assumed that the evolution of their isotope ratios has been linear through the history of the Earth. In this study, the rocks are assumed to have a mantle source, and a rough linear approximation of their initial 87 Sr/ 86 Sr ratios has been used to include the plausible variation of different possible magma sources:
Where t is the age of the sample, and the range of 0.699 to 0.707 is chosen to represent all possible mantle sources (sampling of heterogenous mantle).
Spatial interpolation of the estimates for the area of Finland
Below a method to generalize the estimated isotope ratios at single RGDB sample points to cover the whole area of Finland is described.
Number of suitable points (Sr and Rb concentration and age t given) in RGDB for estimate calculation is 6379. For every sample in RGDB the bedrock unit has been reported using the unit classification of the bedrock map 1:1 000 000 of Finland (Korsman et al., 1997) . Using this same classification the estimations at the sample points have been divided to eleven major units, for which the quartiles Q 1 and Q 3 and medians of the estimated values have been calculated. Average values and standard deviations are not supposed to be proper parameters to describe isotope ratios because of significant skewness of distributions and single large values outside the distributions.
To develop an estimate covering the whole area of Finland, the estimated 87 
where j runs over the sample points, S is the estimated 87 Sr/ 86 Sr ratio at the sample point, x j is the sample point, and k is a Gaussian smoothing kernel as a function of standard deviation σ and distance between estimation point and point p.
In addition, the smoothing has been weighted by the measured Sr concentration, resulting a weighted smoothed estimate S sw :
Evaluation of the method
The following sections consider the significance of the initial ratio approximation to the accuracy of the final estimate, and describe how to evaluate the method using published strontium isotope analyses.
Significance of the initial ratio approximation
The estimation method is easy to generalize to wide areas, if elemental analyses are available. The downside of the method is the troublesome estimation of the initial isotope ratio. On account of easy generalization it is not possible to estimate the initial ratio using information about the possibly known petrological history and age of each sample. However, examining the effect of changes in the approximated initial isotope ratio by differentiating equation (4) with respect to the initial ratio I gives when 3.0 Ga < t < 1.5 Ga and Rb/Sr < 10. Thus the change in the estimated value of the isotope ratio is equal to the change (ie. error) in the approximated initial isotope ratio. This means that the error of initial isotope approximation I propagades directly to the error of the final 87 Sr/ 86 Sr estimate. The 87 Sr/ 86 Sr ratios of today's oceanic island basalts (OIB) representing mantle derived magmas variate between 0.703-0.707 (Faure & Mensing, 2005) . The upper part of the sub-oceanic convective mantle represents depleted mantle (DM), which is the source for the mid-ocean ridge basalts, MORBs ( 87 Sr/ 86 Sr increasing from 0.7005 to 0.7025 during the time from 3 Ga to today) (Workman & Hart, 2005) . Therefore, when dealing with rocks with age of 3-1.6 Ga, as is the case with Finnish Precambrian, the maximum error of the linear approximation of the initial isotope ratios due to source (mantle) heterogeneity is 0.707-0.7005=0.0065. This difference between depleted and enriched mantle source isotope ratios narrows down to 0.0029 at 1,6 Ga and 0.0015 at 3 Ga, assuming linear evolution of isotope ratios in the mantle reservoirs (that is, growing mantle heterogeneity). It is therefore plausible to assume that, if a rock is undifferentiated and originates from such a source, the maximum error in the approximated value 0.699-0.707 of the initial ratio in equation (5) is insignificant for the final 87 Sr/ 86 Sr ratio estimation in desired accuracy. On the other hand, in differentiated magma Rb is enriched in the melt relative to Sr, raising the Rb/Sr ratio and thus leading to higher 87 Rb concentration and, in time, higher 87 Sr/ 86 Sr ratios. This reduces the significance of the error in the approximation of the initial isotope ratio relative to the increase of the 87 Sr/ 86 Sr ratio caused by the decay of 87 Rb. It is noteworthy that equation (5) is an upper limit approximation of the initial isotope ratios (today's value of 0.707 accounting for enriched mantle sources). The approximation gives the best correspondence between measured initial isotope ratios and approximated initial isotope ratios in the sample set. This merely demonstrates the fact that the isotope evolution has not been linear, and that for example at 3 Ga the DM value 0.7005 (Workman & Hart, 2005) is underestimated by the linear approximation giving a value 0.7002.
Strontium isotope analyses
The method is evaluated by applying it to published Rb-Sr isotope analyses from bedrock samples. The method together with age and Rb/Sr data from the published analysis is used to calculate an estimated 
Results
All results were calculated and all figures produced using software R (R Development Core Team, 2009 ) and its sp library (Pebesma & Bivand, 2005) . Table 2 and Fig. 2 show the Sr isotope ratio estimates of the bedrock of Finland by bedrock units. Bedrock 
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Evaluation of the method using published Rb-Sr isotope analyses
A total of 138 published Rb-Sr isotope analyses from the Finnish Precambrian has been collected ( Table  1) . The absolute errors of the estimates calculated on the grounds of reported Rb/Sr ratios and ages variate between -0.335 and 0.040 when compared with the 87 Sr/ 86 Sr ratios measured in the analyses. The relative errors are less than 4.92 %. Yet, most (129) of the relative estimation errors are less than 1.00 %, with an average of 0.32 %. The estimates for which the relative errors exceed 1.00 % (9) are from granitic (sensu stricto) samples, granitic samples numbering 35 in total.
The relative error correlates to some extent with the Rb/Sr ratio of the rock. The average error of the estimates for the samples with Rb/Sr > 1 (24 samples, all except one granitic) is 1.49 %, and for the other samples 0.29 %. For samples with Rb/Sr < 1 (114) the root mean square of errors is (RMS) 0.0028 and the coefficient of determination R 2 = 0.9842 (Fig. 5) . For all the 138 analyses and for their estimates corresponding values are RMS = 0.0351 and R 2 = 0.9990. The measured Rb/Sr ratio correlates well (R 2 = 0.9415; RMS = 0.0053) with measured 87 Sr/ 86 Sr ratio when Rb/Sr < 1 (Fig. 6) , but less well when all the samples are considered (R 2 = 0.8546; RMS = 0.4171).
Discussion
When applied to the gathered strontium isotope analyses for which Rb/Sr < 1, and also when applied to all gathered isotope analyses, the method described above has a better coefficient of determination (R 2 ) and smaller standard residual error than the linear correlation of 87 Sr/ 86 Sr to Rb/Sr alone (Fig.  6) . The errors for some granitic rocks are notable. They are larger than the errors of their initial isoto-Sr leaching, and thus of possibly biased Rb-Sr ages. In his study of Rapakivi granite batholiths, Rämö (1999) considers young Rb-Sr ages as a result of subsolidus migration of Rb and Sr between mineral grains. Regardless of the exact process the Rb-Sr ages already include the effects of Rb and Sr mobility, and thus are better source material for 87 Sr/ 86 Sr estimation than ages from other dating methods. This being the case, the evaluation may give a too optimistic judgement of the estimation method if the method is used together with non-Rb-Sr ages. However, the inexact ages given in RGDB presumably override errors caused by differences in dating methods.
The evaluation of the method shows no clear correlation between errors in initial isotope ratio approximation and today's isotope ratio estimations. However, in larger datasets a major cause for errors in the initial isotope ratio approximations may be the contamination of the magma by crustal material. A plot of estimated 87 Sr/ 86 Sr versus 1/Sr ( Fig. 7 ) suggests that bedrock units KrPr, KrAr and SvCol have been contaminated quite heavily whereas units Rap, SvGr and SvB only in small amounts.
The smoothed isotope ratio estimate
The smoothed values at the locations of the estimation points differ from the estimated values. Smoothed values are an estimate of the isotope ratios of the material weathered onto the bedrock. In this case the weathered material is assumed to had spread evenly to every direction following normal distribution in distance. It is not, however, either sensible to fit a parametric function to the estimation points, for it would require an assumption that the Sr isotope ratios are continuous between bedrock units.
The strontium concentration weighted smoothing (Fig. 4) gives clearly lower values for 87 Sr/ 86 Sr than the non-weighted smoothing (Fig. 3) . This is an expected result, for without weighting by Sr concentration the areas of high Rb/Sr ratio (and thus generally high 87 Sr/ 86 Sr ratio but low Sr concentration) would have a too large effect on the pe ratio approximations, suggesting that the errors do not derive from a faulty initial isotope approximation. Typical for these granites are also high Rb/ Sr ratios. The low precision of the ages given in RGDB account to some degree for the error of every estimate, except of those aged between 1800 and 2000 Ma.
In the evaluation of the method, the ages used in the Sr isotope ratio estimation are from the RbSr isotope analyses. Generally, Rb-Sr method has given younger ages in the Finnish Precambrian than U-Pb and Pb-Pb methods. If this trend is due to erroneous Rb-Sr ages (cf. Vaasjoki, 1988; Martin & Parbey, 1988) , the estimated Sr isotope ratios in the evaluation of the method will have a tendency to lower values, and the absolute error to more negative values from actual. These erroneous Rb-Sr ages may arise out of late fluid related Rb-Sr fractionation which certainly is a reason for the errors in high Rb/Sr samples. Largest absolute errors among high Rb/Sr samples are indeed negative. The nine granitic samples with large relative errors (> 1 %) are a case in point: They have low Sr concentrations (< 150 ppm), a possible indication of Rb and isotope ratios of the surrounding. Smoothing using Sr concentration requires an assumption that Sr weathers at equal rates from different types of rocks.
The non-weighted smoothing follows well the medians and variations of the isotope ratios calculated by bedrock units. However, the values are probably too high because of the effect of Sr concentration variations. The Sr concentration weighted values are presumably realistic by the order of magnitude: Åberg (1995) has reported 87 Sr/ 86 Sr values of 0.71-0.8 from lakes, rivers, soil, and trees of Finland and Sweden. The average 87 Sr/ 86 Sr ratio of the strontium in the rivers on the Precambrian shield of Fennoscandia are estimated to be 0.730 (Löfvendahl et al., 1990) , which is very close to the Sr concentration weighted average (0.7293) of the estimated values. Sr (estimated) versus 1/Sr mixing plots for samples from the major bedrock units. Note that samples are of different ages even inside one age group. KrPr shows probably complex mixing of different sources whereas Rap plots straight lines within age groups. Others fall between these two end members. The major bedrock units consist of number of smaller units inside large geographical regions, which means that straight lines are probably due to correlation within age groups (variable age groups plotting on separate lines) and degrees of differentiation. Pure binary mixing of these major units to explain the apparent mixing lines is unlikely. Scattering of the points would thus present smaller scale mixing and general heterogeneity within the bedrock unit.
The estimate by bedrock units
There is distinct variation in isotope ratios (Table  2 , Fig. 2 ) between bedrock units, but no systematic difference between the Archaean and Proterozoic areas. This could be explained by relatively similar Rb/Sr ratios of the rocks in these areas, concealing the effect of different age. The internal variation in many units (KrPr, Ina, SvA) is too big to distinct them clearly from the other units, whereas the units with lower medians (Kal, SvCol, SvC, Grl) 
Issues to be considered in utilisation of results
The assumption that weathered material spreads evenly to its surrounds is hardly ever perfectly valid. In addition, the spatial accuracy of the estimate is affected by the value of the standard deviation σ used in smoothing. With small values of σ an spatially precise estimate with high resolution is acquired, but with possibly low accuracy. However, in that case the differences between various areas are hard to detect as the number of areas with same isotope ratio is large and the areas are small. As a mobile element Rb may have traveled long distances with fluids in the faults and joints of the bedrock. Thus the sampling convention of the RGDB causes uncertainty to the estimate, for the samples have been taken from "a distinct and homogeneous lithologic unit" (Rasilainen et al., 2007) and discontinuities may not be well represented in the sample points.
The basic assumption of the method is that the rocks are mantle derived. The validity of this assumption should not be taken as granted. If the method is applied to a specific area or bedrock unit, the Nd isotope studies (or other available indicators for mantle derivation) for this area/unit should be checked to see, if major discrepancies from this assumption exist.
Based on the results, it is not possible to position a single Sr isotope analysed sediment or organism sample to an exact area or corresponding bedrock unit of Finland. However, some of the units or areas can be ruled out from possible provenance alternatives and large scale approximations of provenance can be made. In archaeology/palaeontology the results are probably most easily exploitable in a case of migrating animals or animals with wide living areas, for the Sr isotope ratios of their tissues reflect the average strontium isotope composition of the living area (Feranec et al., 2007) . For such cases a large value for σ in smoothing would be appropriate, minimizing the errors deriving from single estimation points with anomalously high error and from faulty assumption of the spreading of weathered material. Smaller values of σ are appropriate when evaluating the estimated isotope ratios to real values in a restricted region using bones and teeth from small animals inside this area.
Conclusions
The presented method to estimate the 87 Sr/ 86 Sr ratio of the Precambrian of Finland on the basis of age data and Rb/Sr elemental analyses yields an ac-curate result on most rock types showing very good correlation when evaluated against actual Rb-Sr isotope analyses. Possibly large errors can occur in areas where bedrock has undergone Sr redistribution, e.g. due to fluid activity or subsolidus Rb/Sr migration in granitic plutons. The method can be used together with the data from the Rock Geochemical Database of Finland to derive a large-scale generalization of 87 Sr/ 86 Sr ratios for the Precambrian of Finland. Distinct areas of high and low 87 Sr/ 86 Sr ratios are distinguishable in the resulted estimate and approximately six major areas can be outlined. No systematic difference between Archaean and younger rocks due to age difference can be seen in the estimated isotope ratios, and 87 Sr/ 86 Sr ratio differences are more likely to be due to rock type and Rb/Sr concentration differences. For utilization in sedimentological, archaeological or palaeontological studies the estimation method can bring about a preliminary approximation about the possible provenance areas. Erosional processes and the transportation of Rb and Sr by fluids in rocks need still to be considered and sampling of soil or sediments must be done in more exact provenance studies.
